Photonic topological systems, the electromagnetic analog of the topological materials in condensed matter physics, create many opportunities to design optical devices with novel properties.
desired channels at the junction points between different topological domains with high efficiency and free from backscattering [36] . We begin with the simulation and experimental studies of the QH-PTIs followed by integration of QH-QSH PTIs. We are the first to observe TPSWs at the interface of the QH-QSH composite system which effectively serves as a 2-port PTI isolator. We then introduce experimental demonstrations of more complex PTI structures, namely a Y-junction and a full 4-port circulator. The proposed circulator structure has unique advantages over more conventional photonic designs where the guided modes are not topologically protected. The topologically trivial resonator-based circulators generally suffer from narrow bandwidth [37] . An alternative QH-PTI based circulator faces challenges with respect to device size (tens of wavelengths) and the lack of a spin DOF [38] .
On the contrary, the topological protection and spin DOF ensure the propagation of guided waves in heterogeneous BMW-PTI systems with greater tolerance to disorder and higher directivity [36] . The utilization of topologically protected waves allows for a broad spectral operating range, compact design, integration with other PTI paradigms and potential for high-power operation.
Design of the QH-PTI system-The BMW PTIs are based on an unperturbed structure of metallic rods arranged in a hexagonal lattice sandwiched between two metal plates [25, 36, 39] . The structure dimensions are carefully designed to ensure the TE and TM modes are degenerate at the Dirac points with the same group velocity in the photonic band structure (PBS). The two orbital DOF are emulated with left/right-hand circular polarizations and the two synthetic spin DOF by the in-phase and out-of-phase linear combinations of the TE and TM modes at the Dirac point [36] . This mode crossing at the Dirac point can be destroyed by a broad range of spatial perturbations [22, 39] thus creating a band gap, analogous to a bulk electronic insulator. In the present case, we create a QSH-PTI by adding A QH rod consists of two ferrite disks (blue) straddling a middle metallic rod, sandwiched by two metallic plates. (b) Photonic band structure for a QH bulk region. The horizontal-axis is the k x vector mapping an excursion in the 1st Brillouin zone and the vertical-axis is the eigenmode frequency. Under H z = 1350Oe the QH bulk bandgap (shaded area from 5.9 to 6.3 GHz) matches the QSH bandgap [25] . The inset illustrates a typical open-plate BMW hexagonal lattice with lattice constant a 0 = 36.8mm.
an air gap between the rods and one plate, resulting in a bi-anisotropic response and an effective spin-orbit coupling (SOC) [25] . Alternatively one can create a QH-PTI by placing magneto-optical materials in the gap. For QSH and QH domains, the spin-Chern numbers is the spin state label and v = K, K , are defined to quantify the topological properties of the upper and lower bands [36] . The spin-orbit coupling ∆ SOC and time-reversal invariance breaking ∆ T perturbations are defined as the overlap integrals of unperturbed modes' field components within the perturbed volume in the QSH and QH regions, respectively. An interface separating two PTIs with different Chern numbers will support edgestates that are spectrally localized in the bulk bandgap [1, 20, 39] . Both QSH and QVH types of BMW have been experimentally realized [25, 26, 29] , leaving the experimental demonstration of the QH-BMW structure un-reported. Recent theoretical studies [36] pave the way for realizing QH-PTIs in a BMW base by sandwiching biased gyromagnetic materials on top and bottom 21 | transmission results through a bulk QH structure in the Γ−K(K ) direction for both magnetized and un-magnetized ferrites. With H z on (magnetized ferrites, red curve), we observe a decrease in transmission S-parameter at 5.9-6.3 GHz, which is caused by the absence of bulk modes inside the bandgap region. Inset: schematic of the experiment (see SM for more details).
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of the metallic rod ( Fig. 1(a) ). In contrast with [36] which characterized the ferrites using a dielectric permittivity r = 1 and a simplified permeability tensor, realistic ferrite parameters are adopted in this letter. Figure. matches closely with that of our existing QSH bulk structure [25, 39] .
We next conduct transmission measurements through the proposed QH bulk structure.
The gyromagnetic disks are made of commercial Yttrium Garnet ferrites which are magnetized along the z axis using Nd-Fe-B permanent magnets (see SM). The QH region contains a 14×5 ferrite-loaded lattice. Experimental results are presented as transmission S-parameters in Fig. 2 . The inset of Fig. 2 shows the measurement method: the two ports of the Vector Network Analyzer (VNA) are connected to antennas at the center of a QH bulk structure and its perimeter. By switching on the H-field to magnetize the ferrites, we observed an averaged 20 dB decrease of transmission from port 1 to port 2 from 5.95 to 6.2 GHz which is slightly narrower compared to the photonic bandgap predicted in Fig. 1(b) .
Composite QH-QSH systems-We next construct a heterogeneous PTI structure with two topological phases: QH and QSH PTIs. This composite PTI structure has an interface ( Fig. S3 ) that will support topologically protected edgemodes (Fig. S2 ) in the operating bandwidth (the shaded area in Fig. 1(b) ) inside the original bandgap frequencies for both QSH and QH bulk structures. The key requirement is to maintain the spin degeneracy of the modes in the composite structure, which allows edgemodes propagating without reflection [36] . Simulation results for a QH-QSH supercell structure (Fig. S2) show that in contrast to a QSH-QSH interface [25] where there are two edgemodes with opposite group velocities, a QH-QSH interface will only support one-way spin-locked TPSWs at the K(K ) points.
The composite QH-QSH PTI structure has 39 × 5 BMW rods in both regions (Fig. S3) .
We use the VNA to conduct 2-port measurements for edgemode transmission along the QH-QSH interface. In Fig. 3 (a)/(b) , the left/right-going transmission S AB /S BA is 35 dB higher than the transmission in the other direction in the joint band gap frequency range. These experimental results show that a QH-QSH interface can only support an edgemode with one synthetic spin direction. The backscattering-free property of an edgemode is also examined in Fig. S4 . The inversion of applied H-field in the z-direction will invert the sign of the normalized bandgap ∆ T for QH-PTIs [36] . With the QSH-PTIs unchanged, the supported edgemode at the QH-QSH interface will flip its spin, and more importantly invert its spinlocked propagation direction. As Fig. 3 (a) and (b) show, the transmission amplitude of left(right)-going edgemode experienced an averaged 35 dB isolation under H-field inversion. The QH-QSH structure serves as an effective 2-port PTI isolator which can be turned on/off by external H-field (Fig. S7) . The isolator's allowed propagating direction can be switched in real-time by the inversion of the H-field.
Topological Y-junction-With the experimental realizations of both QSH-QSH [25] and
QH-QSH waveguides, we next propose a 'Y-junction' PTI structure which mixes three different topological phases (shown in Fig. S8 and schematically in Fig. 4(a) ). With its spin DOF and propagation direction locked together, the edgemode transmission behavior inside the Y-junction can be predicted theoretically. For instance, an edgemode with either spin up (ψ ↑ ) or down (ψ ↓ ) can exist at interface 'ab', with their propagating direction restricted to right and left-going, respectively. Governed by the direction of the external H-field in the QH-region, a −H z field will dictate that the Y-junction's port 3 (2) become a forbidden source (receiver). To illustrate a forbidden source (receiver) experimentally, note the de- crease of both S 23 and S 13 (S 23 and S 21 ) from 5.9-6.3 GHz shown in Fig. 4(b) (Fig. 4(b) and (c)). Because the interface 'bc' can only support an up-spin mode ψ ↑ , the signal injected at port 3 can not travel left to port 1 or 2. In Fig. 4 (c) the amplitude of S 31 is 20 dB higher than S 21 , indicating that a right-going wave transmitted from port 1 will travel to port 3 instead of port 2. This choice of path is dictated by the fact that such an up-spin TPSW can only propagate along interface 'bc' instead of 'bd'. For similar reasons, a down-spin wave ψ ↓ transmitted by port 2 will only go to port 1 as shown in Fig. 4(d) . Inversion of the H-field direction will turn port 3 (2) into a forbidden receiver (source), due to the change in propagating edgemode spin polarization at the two QH-QSH interfaces (observed but not shown here) [36] . The topological Y-junction will act as a building block for more sophisticated structures, such as the 4-port circulator. With different combinations of its topological domains, the Y-junction can perform various functions such as a back-scattering free photonic combiner and a photonic spin filter/divider.
Topological 4-port circulator-Novel non-reciprocal structure designs, like isolators and circulators, have been proposed recently due to their important roles in photonic and microwave circuits [41] [42] [43] [44] [45] [46] [47] [48] . After the experimental demonstration of the Y-junction structure, we are in position to integrate different PTIs into a practical structure, namely a 4-port circulator. In contrast to realizing optical circulators with only 2D gyromagnetic PTIs [37] , here we report the experimental realization of the combined PTI system with different types of topological phases [9, 36] . Similar to the design in [36] , the proposed 4-port BMW circulator consists of a center QH island and four surrounding QSH regions with alternating ∆ SOC signs (Fig. 5) . The directions of both QSH-QSH and QH-QSH waveguides are chosen to be in the K(K ) directions for optimized edgemode propagation.
The operation of the BMW circulator is as follows. To start with, consider the trajectory of the up-spin edgemode ψ ↑ which is launched from port 1 and propagating right along the QSH(green)-QSH(blue) waveguide (inset of Fig. 5(a) ). When the edgemode arrives at the QSH-QH-QSH Y-junction, there exists two QH-QSH waveguides ('red-blue' and 'red-green') which support edgemodes with opposite spins. The topological nature of these modes will lead them towards only one of the two QH-QSH waveguides without backscattering [36] : at the first Y-junction, the spin up wave ψ ↑ will merge on to the horizontal QH-QSH interface;
at the second Y-junction, it will choose the QSH-QSH interface over the vertical QH-QSH interface because that QH-QSH interface does not support spin up edgemodes. As shown in QSH interface, it will merge on to the vertical QH-QSH interface and finally flow to port 3.
As shown in Fig. 5(c) , S 31 (the transmission from port 1 to port 3) is now higher than S 41 .
To conclude: we observed the change of circulation direction from counter-clockwise ( Fig. 5 (a) and (b)) to clockwise (Fig. 5 (c) and (d)) controlled by the external H-field direction on the QH BMW region. The isolation of the circulator design is 20 dB on average, the input power is +5 dBm limited only by the VNA, and the frequency range is 5.9-6.3 GHz which can be tuned by scaling the structural dimensions.
Note that we also observed narrow peaks in Fig. 5 . Aside from the coupled-waveguide issue, we are also facing energy dissipation due to the finite line-width of the ferrite and imperfect coupling between antenna and the structure. Implementation of a rotating dipole source will enhance the power delivery by directly and efficiently exciting uni-directional edgemodes on the QSH-QSH interfaces [25] .
In conclusion, we established bulk QH-PTI materials and created a bandgap that matches the QSH-PTI structure [25] while maintaining spin degeneracy. We then observed the appearance of a QH bandgap experimentally by applying external magnetic field to a ferriteloaded BMW. We are the first to create a QH-QSH interface system and observe spinmomentum-locked guided waves whose propagation depends on the pseudo-spin of the excitation as well as the direction of the magnetization of the QH region. We conducted Yjunction measurements and observed guided edgemodes that followed spin-dependent paths expected from theoretical predictions. We constructed a 4-port BMW circulator and ob-served clear circulation of edgemodes, where the circulation direction is dictated by the magnetization direction of the ferrites. The ability to construct composite photonic systems with both QSH and QH phases offers more flexible ways to study new phenomena that are difficult to achieve in condensed matter systems. 
